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ABSTRACT
We explore the chemical distribution of stars in a simulated galaxy. Using simula-
tions of the same initial conditions but with two different feedback schemes (MUGS
and MaGICC), we examine the features of the age-metallicity relation (AMR), and
the three-dimensional age-[Fe/H]-[O/Fe] distribution, both for the galaxy as a whole
and decomposed into disc, bulge, halo, and satellites. The MUGS simulation, which
uses traditional supernova feedback, is replete with chemical substructure. This sub-
structure is absent from the MaGICC simulation, which includes early feedback from
stellar winds, a modified IMF and more efficient feedback. The reduced amount of
substructure is due to the almost complete lack of satellites in MaGICC. We identify
a significant separation between the bulge and disc AMRs, where the bulge is consid-
erably more metal-rich with a smaller spread in metallicity at any given time than the
disc. Our results suggest, however, that identifying the substructure in observations
will require exquisite age resolution, on the order of 0.25 Gyr. Certain satellites show
exotic features in the AMR, even forming a ‘sawtooth’ shape of increasing metallicity
followed by sharp declines which correspond to pericentric passages. This fact, along
with the large spread in stellar age at a given metallicity, compromises the use of
metallicity as an age indicator, although alpha abundance provides a more robust
clock at early times. This may also impact algorithms that are used to reconstruct
star formation histories from resolved stellar populations, which frequently assume a
monotonically-increasing AMR.
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1 INTRODUCTION
Gaia, APOGEE and extragalactic surveys such as CALIFA
and MaNGA will provide ever more detailed data on the
chemical evolution of galaxies. It is important to understand
the fine structure of the Milky Way in order to interpret
these observations. However, simulations contain detailed
‘sub-grid’ physics that can have strong effects on the end
result (Scannapieco et al. 2012) and remain uncertain. One
avenue to understanding the chemical evolution of galaxies
is to compare the chemistry in simulated galaxies using the
same initial conditions but different sub-grid physics, which
we address in this paper.
The metallicity of the gas in a galaxy is controlled by
the rate of star formation, the distribution of stars and the
flow of infalling and outflowing material (e.g. Tinsley 1972;
Pagel & Edmunds 1981). These processes play off against
each other, and the evolution of the ISM is encoded in the
properties of stars which form at a given time. In essence,
the formation of stars ‘freezes out’ the ISM, and provides a
historical record of how the chemical properties of the galaxy
have evolved.
Stellar metallicity data provides one of the only win-
dows through which we can view the history of star for-
mation in a galaxy. This is because observations of other
properties, such as galaxy morphology and kinematics, pro-
vide only a single snapshot in the lifetime of a galaxy. Such
structures evolve, and break up, due to radial migrations
(Sellwood & Binney 2002), interactions such as the scat-
tering of disc stars by satellites which heats stars overall,
mergers, and other stochastic effects such as the influence of
the galactic bar, spiral heating and external tidal effects etc.
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Once a star has formed, however, its surface metallicity does
not change (on the whole). However, although the metallic-
ity of individual stars is constant with time, various metrics
(such as integrated metallicities or the local age-[Fe/H] rela-
tion) are influenced by radial motions. These properties are,
however, more robust globally than other galactic properties
over time, and require detailed modelling to help in inter-
preting data from current and future surveys, such as Gaia,
APOGEE etc.
It has become possible to reconstruct the age metallic-
ity relation (AMR) of local galaxies (Skillman et al. 2003;
Cole et al. 2007; Williams et al. 2009). These authors have
concluded that local dwarf galaxies have varying metallic-
ity histories: IC 1613 shows a rising mean metallicity with
time (Skillman et al. 2003), Leo A (Cole et al. 2007) and the
outer disc of M81 (Williams et al. 2009) show a flat AMR,
and M32 (Monachesi et al. 2012) shows an AMR which rose
early and flattened. Holmberg et al. (2009) found the Milky
Way has a flat AMR, while Haywood et al. (2013) find that
the Galaxy has a shallowly rising AMR after a steep initial
increase. PHAT (Dalcanton et al. 2012) will make similar
measurements for M31. HST ACS colour-magnitude dia-
grams have been used (Weisz et al. 2011) to explore the
star formation in a sample of Local Group dwarf galaxies,
while Kirby et al. (2011) have used Keck DEIMOS spectra
to calculate star formation histories using abundance ratios.
Snaith et al. (2014) used high signal to noise stellar abun-
dances from Adibekyan et al. (2012) and ages from Haywood
et al. (2013) to reconstruct the SFH of the Milky Way. All
these different approaches show the strengths of chemical
data in reconstructing the past history of galaxies. However,
in each case, various assumptions have to be made which can
strongly affect the outcome of the reconstruction. Other ob-
servers have decomposed galaxies into radial bins (Gogarten
et al. 2010) and measured the AMR in each bin. The AMR
of dwarf galaxies in simulations has been explored by Pilk-
ington et al. (2012a), who also analyse the observed galaxy
IC 1613, and considerable differences between observations
and theory were identified. However, as distant objects can-
not be studied in the same detail as the Milky Way, those
authors did not attempt a direct comparison between their
simulations and our own Galaxy.
The specific elemental abundance of different compo-
nents of a galaxy (bulge, disc, halo etc.), along with metallic-
ity, provide detailed information about its assembly history
in a form that can be reconstructed from detailed observa-
tions. Alpha elements, usually traced using oxygen, are over-
whelmingly produced by core collapse supernovae (CCSNe),
with a time delay of the order of several Myrs. Iron, however,
is produced mainly by SNIae, which contribute over 8 times
as much iron as CCSNe (Iwamoto et al. 1999). SNIae take a
longer time to release metals back into the ISM, beginning
after 50 Myr with a time delay distribution that peaks at
100 Myr to 1 Gyr depending on the SFH (Gibson 1997).
As a result of the difference between the timescales of the
two types of supernovae, the ratio of oxygen to iron encodes
information of the star formation rate, providing a further
avenue of investigation.
We will demonstrate the key features in the chemical
evolution of a simulated galaxy in detail. We will also com-
pare this to a simulation carried out using the same ini-
tial conditions but with a different implementation of stel-
lar feedback. This will allow us to contrast the predictions
of the two models.
Our goal in this paper is to study the ages, metallici-
ties, and chemical abundances of stars in a simulated Milky
Way-like disk galaxy. In particular, we will explore the dif-
ferent signatures of evolution in the bulge, disc and halo,
while comparing the results of both the MUGS (Stinson
et al. 2010) and MaGICC (Stinson et al. 2013) galaxy simu-
lations. Compared to previous work on the chemical evolu-
tion of these simulated galaxies (e.g. Pilkington et al. 2012a;
Pilkington 2013; Calura et al. 2012; Gibson et al. 2013) we
will explore the fine structure of the chemical evolution of
the MUGS and MaGICC simulations in detail in terms of
age, [Fe/H] and [O/Fe]. While Calura et al. (2012) examined
the MDF of these galaxies, and Pilkington et al. (2012) ex-
amined the gradients, we explore the detailed fine structure
and the origin of the different features by decomposing the
full AMR into different galactic components. This is partic-
ularly important at the present time because we are seeing
a growing interest in novel feedback implementations (e.g.
Hopkins et al. 2014; Bird et al. 2013).
We will first outline the simulations used (Section 2),
our methods (Section 3), and present the age-metallicity,
age-[O/Fe] and metallicity-[O/Fe] distributions of a simu-
lated galaxy using two distinct implementations of the su-
pernova feedback but the same initial conditions (Section 4).
We will dissect the simulated galaxy, and examine the vari-
ation in the chemistry of stars of the different components
(bulge, disc, halo), and the properties of current and former
satellites. Further discussion and conclusions are presented
in Section 5.
2 SIMULATIONS
In this paper we use the McMaster Unbiased Galaxy Simu-
lations (MUGS, Stinson et al. 2010) sample and the Making
Galaxies in a Cosmological Context (MaGICC, Stinson et al.
2013) sample. We selected the disky galaxy known as g15784
which is common to both samples, and which has been anal-
ysed in a number of other papers (e.g. Nickerson et al. 2011;
Brook et al. 2012, 2014; Calura et al. 2012; Valluri et al.
2013; Obreja et al. 2014; Gibson et al. 2013; Pilkington et al.
2012; Woods et al. 2014).
Previous work on the chemistry of the MUGS galax-
ies has explored the radial and vertical metallicity gradients
(Pilkington et al. 2012) and the MDF of the solar vicinity
and bulge (Calura et al. 2012). Calura et al. (2012) find
notable differences between the simulated galaxy and the
Milky Way. These authors found that the median metallic-
ities in MUGS are 0.2 to 0.3 dex lower than in the Milky
Way disc and bulge, with larger dispersions.
The initial conditions assume a ΛCDM, WMAP3 cos-
mology H0 = 73 km s
−1 Mpc−1, Ωm = 0.24, ΩΛ = 0.76,
Ωb = 0.04 and σ8 = 0.79 (Spergel et al. 2007). The galaxy
sample was chosen at random from a catalogue with halo
masses between ∼ 5× 1011 to ∼ 2× 1012M. Further selec-
tion criteria required that there was no structure within 2.7
Mpc with a mass greater than ∼ 5 × 1011M. The simula-
tion volume was large enough to ensure a realistic angular
momentum distribution and merger history.
In order to achieve sufficient mass and spatial resolu-
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tion the simulations employ the commonly adopted zoom
technique. This method adds high resolution particles in the
region of interest, while following other regions with much
lower resolution particles. In the highest resolution region of
each simulation the dark matter, gas and star particles have
masses of 1.1×106, 2.2×105 and < 6.3×104 M respectively,
and a gravitational softening length of 310 pc. The simula-
tion was advanced through time using the SPH code GASO-
LINE (Wadsley et al. 2004) and includes low-temperature
metal cooling (Shen et al. 2010) based on CLOUDY (Fer-
land et al. 1998), a Schmidt-Kennicutt star formation law
(Kennicutt 1998) and UV background radiation. For further
detail on MUGS and MaGICC, see Stinson et al. (2010) and
Stinson et al. (2013) respectively.
MUGS and MaGICC use the same initial conditions and
cosmology but have a different implementation of the stellar
feedback. They both employ the ‘blast wave’ model of SN
feedback, where gas cooling is locally suspended in order to
mimic the thermal heating of gas from supernovae (Stinson
et al. 2006). MaGICC also includes early energy input into
the ISM, from massive stars. This early feedback heats the
gas from the moment a star forms, rather than waiting until
the first CCSNe which are triggered after ∼4 Myr (Stinson
et al. 2013). Since MUGS galaxies lack this early feedback,
they suffer from overcooling (Pilkington et al. 2012). For
example, in Stinson et al. (2010, Figure 13) the r-band mag-
nitude of galaxies in MUGS are systematically too bright
for their halo mass, compared to observations. This is the
principal difference between MUGS and MaGICC and it is
expected to have the dominant effect on the resulting galax-
ies. However, there are a further series of differences between
the simulations which we expect to have a less significant ef-
fect than the differences in feedback:
• The diffusion prescription for metals was changed. The
original diffusion prescription for MUGS was first discussed
in Wadsley et al. (2008). In this model, the amount of mix-
ing depends on the local velocity of the shear field and the
spatial resolution of the simulation. In MaGICC this was
modified, so that diffusion did not occur between particles
which had cooling shut off by feedback processes. This was
implemented because the method tended to unphysically re-
duce the efficiency of outflows. For a longer discussion see
Stinson et al. (2013). This may have second order effects on
the metallicity distribution.
• The metallicity, Z, is underestimated, in MUGS, by a
factor of 1.8 (Pilkington et al. 2012). This is because Z was
calculated on the basis of O+Fe in MUGS, while in MaG-
ICC the metals of other species were accounted for. This
difference will not directly affect the chemistry, but influ-
ences processes such as cooling which are metal dependent.
• The minimum SPH smoothing length is set to 0.25
times the gravitational softening length (rsoftening) in MaG-
ICC, while it is 0.01rsoftening in MUGS (Pilkington et al.
2012a). This is expected to have only a minor impact on the
simulation and was done to improve the computation time
in high density regions.
Although the most important difference in the simula-
tions was the implementation of the early feedback in MaG-
ICC, the stellar feedback in MaGICC was additionally al-
tered in three further ways in order to increase the energy
fed back into the ISM:
• MUGS uses the Kroupa IMF (Kroupa et al. 1993),
while the MaGICC sample uses the Chebrier IMF (Chabrier
2003). This change of IMF means that 4× as many CCSNe
explode per generation of stars in MaGICC than in MUGS.
• In MUGS, feedback was immediately radiated away if
the cooling shut off was shorter than 1 Myr, and so never
coupled to the ISM. This was corrected in MaGICC.
• The feedback efficiency was increased 2.5× per SNe.
Stinson et al. (2013), however, showed that the total
amount of energy dumped back into the ISM by stellar feed-
back was less important than the addition of the early feed-
back. This means that if the energy put into early feedback
was instead added to traditional supernovae the effect on
galaxy morphology, which is one of the principle successes
of MaGICC, is not as pronounced. However, the changing
IMF, will have an effect on the chemistry.
An in depth analysis of these issues is beyond the
scope of this paper but are mentioned as potential sources
of difference beyond the change in feedback.
We can use MUGS vs. MaGICC as a proxy for the range
of plausible possibilities for feedback in the real universe.
MaGICC represents a step forwards in attempts to simulate
realistic galaxies, matching numerous scaling laws (Brook
et al. 2012) which former simulations, such as MUGS, could
not reproduce (e.g. Brook et al. 2014; Stinson et al. 2013;
Gibson et al. 2013).
One difference between MUGS and MaGICC is the de-
crease in the number of luminous satellites orbiting the main
galaxy. Nickerson et al. (2013) showed that MUGS effec-
tively reproduced the number of luminous satellites expected
around Milky Way sized galaxies. The MUGS galaxy has ∼
20 luminous satellites, although the most massive ones tend
to be overly massive. MaGICC has only 4 such satellites.
Since real galaxies have numerous luminous satellites, we
must use MUGS to understand their effects even though we
expect MUGS to overestimate their impact. MUGS satel-
lites have higher stellar masses dark matter mass ratios than
observations (Stinson et al. 2010).
The ‘true’ feedback situation is assumed to be similar
to, but not quite as extreme, as used in MaGICC. If we
see similar patterns in both MUGS and MaGICC that are
compatible with the differences in their SFHs, then we can
feel confident that we are drawing realistic conclusions.
We identify the halos and subhalos using AHF (Gill
et al. 2004; Knollmann & Knebe 2009)1, which uses adap-
tive mesh refinement to locate halos in a smoothed density
field. For each density peak, the potential of the surrounding
particles is identified, and those particles bound to the den-
sity peak are classed as (sub)halo members. AHF assumes
that particles within the virial radius, that are bound to
the halo, are members of that halo. In this way the code
always returns spherical halos. Subhalos, however, are not
assumed to expand to their virial radius, but to the saddle
point of the density profile in the host potential. This is one
of a number of ways to define dark matter subhalos, none
of which has been shown to be substantially superior to any
other (e.g. Knebe et al. 2011).
1 AHF can be downloaded from http://popia.ft.uam.es/AHF.
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3 DEFINITIONS
We decomposed the galaxy into various components (halo,
bulge, disc), and subdivide the disc component by radius.
We also mark stars according to whether they formed
in-situ or in satellites.
3.1 Dynamical Decomposition
We decompose the galaxy into a disc, bulge and halo using
the dynamical decomposition approach presented in Stinson
et al. (2010), which is based on the method of Abadi et al.
(2003). Our algorithm is based on the one supplied with
PYNBODY (Pontzen et al. 2013)2 We decompose the galaxy
in both MUGS and MaGICC in the same way, and examine
the detailed chemical evolution for the first time.
In order to calculate the distribution of Jz/Jcirc for
stars in the galaxy we follow the method of Stinson et al.
(2010). While Abadi et al. (2003) used the value of the total
binding energy of the particles, and thus a careful accounting
of the shape of the potential, to calculate Jcirc, the approach
of Stinson et al. (2010) assumes spherical symmetry. There-
fore, |Jz/Jcirc| 6 1 in the Abadi et al. (2003) method, but
can extend beyond these bounds when using the approach of
Stinson et al. (2010). We have adopted the simpler Stinson
et al. (2010) method, which clearly produces a good sep-
aration between the stellar populations in the bulge, disc,
and halo; the Jz/Jcirc distribution for MUGS g15784 us-
ing the Abadi et al. (2003) method can be found in Calura
et al. (2012). Populations of stars which show features of
more than one component according to the decomposition
are discarded to reduce interlopers in our samples.
The probability distribution of the Jz/Jcirc distribution
for MUGS and MaGICC are shown in Fig. 1. The disc is de-
fined as those stars with 0.7 < Jz/Jcirc < 5 (called disc 2
in Table 2 ). Unless described otherwise we constrain the
disc to also lie inside of tight positional bounds. The disc is
defined as those stars that satisfy the dynamical definition
with radii less than 20 kpc, heights above the plane of less
than 5 kpc (disc 1). We chose an inner radius cut off of R>2
kpc to avoid contamination by bulge stars. Even though the
bulge extends out to ∼5 kpc, for MUGS, and ∼2.4 kpc, for
MaGICC, the dynamical decomposition becomes more ef-
fective at splitting up the bulge and disc outside this inner
region. We also remove all satellite stars to remove interlop-
ers which contaminate the disc.
The bulge members are defined, as in PYNBODY, as
those stars with Jz/Jcirc < Jcrit and a binding energy less
than the median energy of the galaxy (for bound particles
the binding energy is negative, meaning that a lower energy
means the particle is more bound). The calculation of the
Jcrit criterion is an iterative process, but is ultimately where
the total angular momentum of the bulge is equal to zero.
This defines a classical bulge where the bulge is entirely
pressure supported.
Halo stars are those stars not in the disc but with bind-
ing energies greater than the median. Any star which does
2 We made use of PYNBODY
(https://github.com/pynbody/pynbody) in our analysis for
this paper.
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Figure 1. The probability distribution of Jz/Jcirc for MUGS
(blue) and MaGICC (red) stars. The dotted line shows the ex-
pected value if all the stars are on circular orbits, and the dashed
line shows the lower limit for selecting disc stars. In this plot we
discard all stars with energy less than a given value, as these are
deep in the potential well and assigned to the bulge.
not fit these criteria are neglected; the algorithm in PYN-
BODY also includes definitions of the pseudobulge and kine-
matical thick disc, but the resolution of MUGS and MaGICC
is considered insufficient to resolve these components. Thus,
these leftover stars are of ambiguous origin, and have prop-
erties which overlap the various other components. They ap-
pear to form ‘transition’ populations in terms of their chem-
ical properties. As can be seen in Table 2, this is 10% of
stars in MUGS and 20% of stars in MaGICC.
An important caveat is that the dynamical decompo-
sition is imperfect. We choose to define the disc in terms
of the value of Jz/Jcirc. However, this separation between
the spheroidal component and the disc is somewhat arbi-
trary. We expect that the distribution of Jz/Jcirc in the
disc and halo to be more correctly modelled by two overlap-
ping Gaussians, one centered at 0 with a large width, and
other narrower and centered at 1. However, it must be noted
that for the bulge this is an approximation only. It assumes
that the bulge has no circular velocity, and is only pressure
supported, which is not true. Indeed, the bulge of the Milky
Way has Vcirc/σ ∼ 0.5 (70/140 km/s) (e.g. Howard et al.
2008).
A simple cut in Jz/Jcirc will result in some cross-
contamination between components. However, as the halo
is diffuse, and the bulge is centrally concentrated, we can
reduce the contamination with the ‘strict’ definition of the
disc given above.
3.2 Where stars are formed.
We define four types of star:
(i) in-situ: stars which form within the dark matter halo
of the host galaxy, and not in one of the subhalos.
(ii) accreted: stars which form in another halo, separate
from the host but are now members of the host.
(iii) commuter: stars which formed in subhalos of the
host but now lie in the host. Commuter stars have also
c© 0000 RAS, MNRAS 000, 000–000
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MUGS MaGICC MW
Mvir 1.5×1012 M 1.5×1012 M 1.3×1012 M3
Mcoldgas 3×109 M 4×1010 M ∼ 1× 109 M4
M∗ 1.1×1011 8.3×1010 6.4×1010 M3
Rs 3.382 kpc 2.71 kpc 2.6-3.6 kpc3
Rz 0.62 kpc 0.71 kpc 0.3-0.9 kpc3
B/T 0.62 0.211 0.143
Table 1. Bulk properties of the simulated galaxies and the Milky
Way. 1 from Brook et al. (2012), 2 from Stinson et al. (2010) and 3
from McMillan (2011), 4 Putman et al. (2012). For the Milky Way
the two scale lengths are for the thin and thick discs respectively.
been called ‘endodebris’ by Tissera et al. (2013), and ‘ex-
situ’ stars by Pillepich et al. (2014). As a satellite falls into
the host halo (thus becoming a satellite) the newly forming
stars will become classified as ‘commuter stars’ whereas if
they were formed before the satellite entered the halo of the
host they are ‘accreted stars’. This is different from the ST
ACC stars defined in Brook et al. (2014) which include both
accreted and commuter stars.
(iv) satellite: stars which lie within the subhalos of the
host at the current time.
Membership of types (i), (ii) and (iii) are identified by
looking back in time at the membership of stars during the
first output in which they can be identified.
3.3 Galaxy properties
The properties of g15784 in MUGS and MaGICC can be
found in a number of papers, but are summerized here.
Table 1 shows that the simulated galaxy has a mass
comparable to the Milky Way. It has a fairly quiescent
merger history since z=1. Both galaxies have similar scale
lengths and scale heights to the Milky Way. MaGICC has a
B/T which is closer to the Milky Way. Thus, we can con-
sider g15784 a Milky Way type galaxy, which should share
global properties with the Milky Way even if it differs in
the details. However, we must be careful in comparing this
galaxy to the Milky Way in detail, because no attempt was
made to ensure that the assembly history of g15784 bore
any similarity to our own Galaxy, except in terms of halo
mass.
4 RESULTS
4.1 Overview
Figure 2 shows the star formation history and chemical
properties (time-[Fe/H], time-[O/Fe] and [Fe/H]-[O/Fe]) of
g15784 in both MUGS and MaGICC. We use [Fe/H] as a
proxy for metallicity in order to mimic observations, as it
is very often the iron abundance which is used to trace the
metallicity, rather than any other element (e.g. Haywood
et al. 2013).
In order to generate the chemical evolution distribu-
tions, we produced two-dimensional histograms of the chem-
ical evolution, (time, [Fe/H], [O/Fe]) and coloured the distri-
bution according to the parameter not given in the x and y
axes (for example, the time-[Fe/H] plot is coloured according
to the [O/Fe] value). The darkness of the colour is a func-
tion of the number of particles in each bin. In order to ensure
the maximum contrast and to bring out the substructure, we
have used histogram normalisation on each individual figure.
This has the advantage of picking out the detailed structure
of the galaxy but at the cost of a consistent intensity scale
across the different figures.
As a first order approximation, the chemical evolution
of a galaxy is a play-off between star formation, which en-
riches the ISM, infall, which dilutes it, and outflows which
eject gas from the galaxy. However, these processes are not
independent, as gas is the fuel which drives star formation
and the rate of star formation is related to the gas surface
density by the well known Schmidt-Kennicutt relation,
ΣSFR ∝ Σkgas, (1)
where ΣSFR is the star formation rate, Σgas is the gas sur-
face density and k is a constant (Schmidt (1959), 1.4 after
Kennicutt (1998)). Thus, the amount of cold gas present and
the star formation rate are closely linked, as gas and star
formation play off against one another to mold the chemical
evolution of galaxies. Stars also generate various feedback
processes which affect the properties of the gas, a consider-
able amount of which, rather than being cold, is in the warm
circumgalactic medium or in the hot halo (Sommer-Larsen
2006). Further, as the galaxy is a diffuse object comprised
of various components (disc, bulge, halo, satellites, etc.), it
is unsurprising that the chemical distribution of stars is rich
and complex.
The most obvious point to take from Fig. 2 is that the
MUGS galaxy is replete with substructure, while the MaG-
ICC galaxy is not. Observations, such as APOGEE, (Hayden
et al. 2015) do not show such fine structure, but these are
limited by observational errors (see Section 4.5) which may
hide considerable details.
The galaxy in both MUGS and MaGICC has the same
initial conditions but a different star formation history (top
row) and chemical evolution (other rows) due to the influ-
ence of feedback. All the left hand panels in Fig. 2 show
significant amounts of substructure. This can only arise if
star formation is occurring in relatively isolated regions. In
the rest of the paper we will dissect the galaxy and identify
the origin of substructure. However, much of the filamentary
sub-structure comes from satellites which have merged hier-
archically with the host, and from others that have not yet
merged. Further, we can expect differences due to distance
from the centre of the galaxy, and bulge/disc/halo identifi-
cation.
4.1.1 Star formation Rate
Despite having the same initial conditions the MUGS and
MaGICC feedback implementations produce very different
star formation histories (see Fig. 2, panels (a) and (b)). The
early radiative feedback delays the beginning of the peak in
star formation in g15784 for around 2-3 Gyrs in MaGICC,
with the star formation strongly suppressed for the first 3-
4 Gyr. The peak in star formation in MaGICC takes place
at z∼1.5, which is 1 Gyr later than the peak in the cosmic
star formation history (e.g Madau & Dickinson 2014), and is
due to the early feedback. This lack of early star formation
means that the stellar mass in MaGICC is 72% the stellar
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. The evolution of galaxy g15784. The comparative star formation history and stellar mass growth of the two galaxies (top
row), the AMR, the time-[O/Fe] evolution and the [Fe/H]-[O/Fe] distribution (next three rows). The bottom three rows are coloured by
[O/Fe], [Fe/H] and time respectively, and the darkness of the colour is the histogram weighted density of stars. We have used histogram
equalization in order to emphasize structure in both high-density and low-density parts of the parameter spaces. All plots were produced
for the galaxy at z=0 (t = 13.7 Gyr). Panel (a) is the comparison between the MUGS and MaGICC star formation histories. Panel (b)
shows the stellar mass growth of MUGS and MaGICC. The dashed line follows the mass growth of the MaGICC galaxy but displaced
by the difference between the final stellar mass of the two galaxies. The other panels are described in detail in the text.
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mass in MUGS. The MaGICC galaxy takes 1.5 Gyr longer
to assemble half its final stellar mass, making the galaxy
‘younger’. The lack of early star formation results in a thin-
ner galaxy disc, and smaller spheroidal component (Stinson
et al. 2013). Enhanced feedback essentially means that only
dark matter halos of considerable mass can efficiently form
stars. The higher feedback in smaller halos inhibits the for-
mation of stars.
The MUGS galaxy shows a number of peaks in star
formation before 4 Gyr, which are the result of interactions
between the host and its satellites causing starbursts. The
absence of star formation in low mass objects in MaGICC
means there are fewer dense objects to interact with the host
(see §4.4). Although dark matter subhalos are present in
MaGICC, the dense inner regions caused by star formation
are absent. This means that the very low mass subhalos are
missing from MaGICC. The mass distribution of subhalos in
MUGS and MaGICC is not greatly dissimilar, particularly
at higher masses. The principal difference is the baryons
rather than the dark matter. There are, however, numerous
dark matter subhalos, which contain dark matter and gas,
but no stars.
In the MUGS version of g15784 there is another local
maximum in the star formation rate at 5.5 Gyr, which is
due to an interaction. This peak is followed by a brief fall
in SFR in the disc because the interaction causes the gas to
redistribute in the galaxy disc (discussed in more detail in
Section 4.3).
As the stars produce metals to enrich the gas and subse-
quent generations of stars, the difference in early star forma-
tion has a considerable impact on the early time enrichment.
A more gradual star formation rate will result in slower en-
richment (when diluting in the same amount of gas). This
has a direct consequence on the age-metallicity distribution.
In MUGS, the ISM enriched very rapidly (2 dex in less than 1
Gyr for the outer envelope of the distribution). This leaves us
with the characteristic ‘handgun’ form of the MUGS AMR.
The more gradual rise in the SFR in MaGICC leads to a
more slower increase in the metallicity of the ISM (the up-
per envelope takes approximately 3.5 Gyr to rise from -2 to
0.5 dex). The rising arm flattens only at 5 Gyr, almost 3
Gyr later than in MUGS. This delayed star formation can
also be seen in the evolution of [O/Fe], which takes longer to
reach its minimum value. The low rate of star formation at
early times is due to the more energetic and earlier feedback
that inhibits star formation in low mass objects. Clearly,
while the potential of the MaGICC galaxy is shallow, the
feedback is strong enough to considerably reduce the SFR
at early times (1-4 Gyr) compared with MUGS. As the dark
matter halo grows, the galaxy in MaGICC becomes able to
more efficiently form stars. Even so, even at later times the
star formation rate efficiency is five times lower in MaGICC
than in MUGS. At early times (before 4 Gyr) MaGICC is
25 times less efficient at forming stars. At later times the
two SFHs are very similar, with very similar star formation
rates for a given time.
4.1.2 time-[Fe/H]
The strong suppression of star formation at early times and
in low mass objects has a considerable impact on the metal-
licity evolution of MaGICC compared to MUGS.
The stars are considerably more metal rich in the MaG-
ICC run than in MUGS. The total mass of oxygen formed in
the entire simulation volume (accounting for both gas and
stars) at z=0 is over two times higher in MaGICC. The ratio
in oxygen mass per unit of stars formed exceeds 2.6. This im-
plies that MaGICC stars produce significantly more metals
than MUGS stars, i.e., that it is not a matter of the distri-
bution of metals in the galaxy, but a greater net production
per unit of stellar mass formed. This is a result of the use
of the Chebrier IMF (Chabrier 2003) in MaGICC, which
produces more high mass stars than the Kroupa (Kroupa
et al. 1993) IMF used in MUGS. For example, the IMF used
in MUGS generates 4 times fewer stars with masses greater
than 8 M.
Although the stars are twice as metal rich over all
in MaGICC, the gas is eight times more metal rich than
the stars. This suggests that ejection of metals into the
warm/hot gas component is more efficient, and metals are
not locked up in stars to the same degree as in MUGS. The
rate of metal-dependent cooling will therefore differ in the
two simulations, but the effect of this on the star formation
rate is expected to be dwarfed by the dynamical influence
of early radiative feedback.
The MUGS galaxy shows a trend from low Z for the
very oldest stars to high Z for the youngest stars. However,
the metallicity saturates fairly quickly in the history of the
galaxy to between 1.5 and 1.2 times solar metallicity. The
metallicity increases by 3 dex in the first 3 - 4 Gyr and then
the upper envelope of the distribution is essentially flat, or
even shows slight dilution at later times with a peak metal-
licity at 4 Gyr. The initial rise in MaGICC is considerably
slower, enriching from -2 to 0 dex over the first 4 Gyr of
the simulation while in MUGS it takes just over 1 Gyr. In
MaGICC the peak metallicity in the bulge (the most metal
rich component) is at 11 Gyr.
Observational data from Haywood et al. (2013) for stars
in the solar vicinity shows a more gradual slope for old stars
than MUGS, but faster than in MaGICC. This implies that
‘reality’ is somewhere between MUGS and MaGICC, with
a few caveats. g15784 is not the Milky Way, and can be
expected to diverge significantly in the details of its history.
Further, the Haywood data is local data and Fig. 2 shows
all stars within the virial radius of g15784.
There is spread of at least 1 dex (this can rise to as
much as 2 dex) in the metallicity of stars at any given time
in MUGS. Even though we see a wide spread in metallicity
between 1 and 3 Gyr much of this apparent spread is due to
the histogram normalisation procedure (see §4.1). The stan-
dard deviation of the metallicities of stars in the different
age bins varies between 0.4 dex at 3 Gyr to 0.3 dex at 12
Gyr. At a given metallicity the age range of stars is also
large, with standard deviations ranging from 1.8 Gyr at -2
dex to 3.5 Gyr at -0.3 dex and 2.8 Gyr at 0.14 dex. MaG-
ICC, however, demonstrates narrower scatter in metallicity
with age at early times (0.18 dex at 3 Gyr but 0.3 dex at 12
Gyr) and a rapidly increasing scatter in age with increasing
metallicity (0.8 Gyr at -2 dex, 3 Gyr at 0.14 dex)
Our visualization approach is designed to emphasize
substructure and so may exaggerate apparent differences,
at first glance. There are, however, notable difference be-
tween the two simulations and our plots demonstrate this
difference well. Gibson et al. (2013) notes that although the
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AMRs in MUGS and MaGICC appear different the metal-
licity distribution functions (MDF) are not dissimilar.
Metallicity is sometimes considered as a rough proxy
for the age of stars, and so any scatter in the age-metallicity
relation must be understood and taken into consideration.
The spread in metallicity is the smallest for young stars,
while the spread in age is smallest at low metallicity. It is
evident that any hope using Z to recover stellar age would
introduce immense errors using all stars in the galaxy.
The MUGS AMR contains many streamers and rich
substructure, but the only evidence of substructure in MaG-
ICC is a bifurcation between the upper limit of the AMR
and the skirt beyond 6 Gyr, with a large gap (this is a grad-
ual ’u’ shaped feature with a FWHM ∼0.3 dex at 10 Gyr)
between the two sequences. A similar gap exists in MUGS,
but it is much smaller (0.15 dex). The existence of the two
sequences is a result of the contributions of two different
galactic components (the bulge and disc) and will be dis-
cussed in greater detail in §4.2.
The uniformity of the plot is also evident in the colour
table in MaGICC, which changes gradually from alpha over-
abundance to lower alpha with time, without the peaks and
undulations seen in the MUGS galaxy. The age-metallicity
distribution is extremely tight for the whole evolution, par-
ticularly at early times. The same behaviour was seen in
the dwarf late-type disks shown in Pilkington et al. (2012b,
Fig 2; upper 2 panels), also, Gibson et al. (2013). Pilkington
et al. (2012b) showed that the AMR scatter is very depen-
dent on the degree of metal diffusion. In both MUGS and
MaGICC, there is a sharp upper limit on [Fe/H] at a given
age, which should be kept in mind when comparing the AMR
to observations.
A significant deviation from monotonicity can be ob-
served in the metallicity evolution in MUGS (MaGICC is
more monotonic). In various tracks the metallicity of some
of the substructures can move from higher to lower metallic-
ity. This implies that star forming regions are acquiring new
low-metallicity gas, and/or that the locus of star formation
is moving into less-enriched regions.
4.1.3 time-[O/Fe]
The [O/Fe]-age distribution is more tightly correlated than
the metallicity in both MUGS and MaGICC (around 0.1 and
0.2 dex at 12 Gyr for MUGS and MaGICC respectively),
although non-monotonic features remain. This distribution
was also discussed in Miranda et al. (2015b). Early star for-
mation in MUGS shows a wide spread in [O/Fe] of around
0.4 dex at 4 Gyr, compared to 0.07 dex in MaGICC. Stin-
son et al. (2013) showed that mono-abundance populations
show less than 1 Gyr spread in their ages. This is consistent
with recent measurements in the Milky Way for several α
elements (Haywood et al. 2013). The general trend is one of
decreasing [O/Fe] with time for t< 5 Gyr, and an almost flat
relation thereafter. This implies that [O/Fe] is only a good
timer during the early phase of galaxy evolution, which cor-
responds to the rapid star formation phase (top left panel).
The transition between the fast evolution and flat phases
is reasonably sudden, leading to a kinked [O/Fe] evolution,
with a knee at around 5 Gyr. Haywood et al. (2013) shows
this same feature in the Milky Way, and Snaith et al. (2014)
identify this as the location of a sudden transition from rapid
star formation to lower rates of star formation. In MUGS,
this change from high SFR to low SFR is more gradual than
found for the Milky Way in Snaith et al. (2014, 2015), but
the shallow time-[O/Fe] evolution does correspond to the
low SFR phase. This property, however, will also be depen-
dent on the SNIa formalism which starts to dominate the
IMF on a similar timescale.
In MaGICC, the age-[O/Fe] distribution as a more
‘sickle’ shape, where the [O/Fe] value continues to fall even
after the peak of the SFR. The tight fit in the chemical evo-
lution is also evident in age-[O/Fe] evolution, and the kink in
the age-[O/Fe] co-coincides with the beginning of the bifur-
cation in the AMR discussed above (§3.1). This takes place
approximately 1 Gyr after the peak in the SFR, which is the
typical SNIa time delay. This makes the onset of SNIa very
clear from the star formation history.
Due to the importance of substructure in the early his-
tory of the MUGS galaxy, the spread in [O/Fe] is greater
at early times. The opposite is true in MaGICC, because
of the absence of substructure. The [O/Fe] evolution shows
events in the assembly history of MUGS much more clearly
than the AMR. This same effect can be seen in local Milky
Way data, (e.g. Haywood et al. 2013; Snaith et al. 2014,
2015). The Milky Way also shows a tighter correlation be-
tween age-[O/Fe] at early times (Haywood et al. 2013). See
Haywood et al. (2015) for a detailed discussion of the early
time SFH of the Milky Way.
Some of the galactic chemical enrichment tracks in
MUGS are almost vertical (such as at 6 Gyr where the
metallicity jumps over 0.5 dex in a few Myrs), indicating a
very rapid enrichment. Over brief periods of time, the [O/Fe]
value rises but soon falls back to the previous value (this can
be seen at 6 Gyr, where the [O/Fe] value rises from around 0
dex to 0.2 dex and falls back to 0 dex in around 1 Gyr). This
implies very rapid star formation, where the ISM is enriched
by CCSNes. It is only after a delay do the SNIa add iron to
the ISM, thus bringing the value down again. These [O/Fe]
episodes coincide with peaks in the SFR, strengthening this
idea. The feature at 6 Gyr is due to a small starburst which
takes place just before it, and the SFR peak corresponds to
the rising arm of the [O/Fe] peak, the falling arm is due to
the the delayed SNIa. Because these peaks are due to inter-
actions and starbursts, which do not occur in MaGICC, the
time-[O/Fe] in MaGICC is more featureless.
An important caveat to this analysis, is, however, that
Gasoline (Wadsley et al. 2004) does not use metallicity de-
pendent yields, meaning that some behaviour in the [O/Fe]
evolution is lost (Haywood et al. 2013; Snaith et al. 2014).
Gasoline uses the Z/Z = 1 yields from Woosley & Weaver
(1995) for stars of all metalicities.
4.1.4 metallicity-[O/Fe]
The lower left hand panel shows how [O/Fe] evolves with
metallicity in MUGS. The [O/Fe]-[Fe/H] distribution is the
easiest to compare with observations. Calculating ages of
stars from observational data is difficult, and some of the
best age related data shows uncertainties on the order of
1 Gyr (e.g. Chaplin et al. 2014; Epstein & Pinsonneault
2014; Haywood et al. 2013; Ramı´rez et al. 2013), even for
the Milky Way. This plot, however, is not as easy to dissect
as the other projections. We do see three large and distinct
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evolution paths, with one oxygen-rich and one intermediate
path, both of which are old, along with a young oxygen-poor
path. These apparently separate evolutions are due to the
different components of the galaxy, and will be discussed
in §4.2. Interestingly, the youngest stars are not the most
metal rich. We also see a distribution of young stars with
-1.0<[Fe/H]<0.0 dex and around [O/Fe]=0.1 dex. This cor-
responds to the metallicity distribution of the gas disc at
the current time, while the cluster of very young stars at
[Fe/H]=0 and [O/Fe]=0.1 corresponds to the bulge. The gas
sequence is very narrow in [O/Fe] and the spread in [Fe/H]
is directly correlated with radius as expected.
The [Fe/H]-[O/Fe] distribution in MaGICC is tight,
with two narrow, distinct paths. One is at [O/Fe]=0.3, the
other at [O/Fe]=-0.2, suggesting two separate regions of star
formation. The spine of the upper path is due to the bulge,
while the diffuse distribution and the lower sequence are due
to stars in the disc of the galaxy. This tighter correlation is
due to the higher feedback, which disturbs the gas and keeps
the ISM well mixed. As with MUGS, the gas distribution
overlaps the youngest stars.
4.2 Decomposed AMR
The above analysis was based on all stars within the virial
radius of the galaxy. In this section we subdivide the stars
according to their component (halo, disc, satellite) and ori-
gin (in-situ, accreted, commuter). The relative sizes of these
populations can be seen in Table 2. It is worth noting that
in each simulation we see considerable intermediate age star
formation in the bulge, which is not found in the Milky Way,
where the bulge tends to be older. In MUGS between 50%
and 10% of the star formation at any given time is in the
bulge. This ratio is highest at early and late times. In MaG-
ICC the bulge fraction of the total star formation rate is
around 25% at all times, falling off at later times. In the
Milky Way the total stellar mass fraction of the bulge is
10%.
Fig. 3 takes the stars in each of these populations and
shows how the stars classified into each group evolves as a
function of time and metallicity. The panels in this figure use
histogram equalization (described in §4.1) to make the sub-
structure more apparent. In MaGICC we do not decompose
the galaxy into in-situ, accreted or commuter stars because
of the overwhelming dominance of in-situ stars (see Table
2).
Over half (57%) of the stars within the virial radius
of the MUGS galaxy are formed insitu, while in MaGICC
this is over 98% because of the strong suppression of star
formation in low mass objects.
Most of the accreted stars in MUGS were formed at
early times (time < 4 Gyr), which is around the same time
the stars in the halo formed. Commuter stars, by definition,
formed after the satellite was accreted, and before it was
disrupted. The presence of commuter stars at a range of
different times implies that most of the satellites which have
ever fallen into the host were accreted at early times, and
also demonstrates the length of time it takes for a satellite
to merge with a galaxy.
In the MUGS (MaGICC) galaxy 49% (53%) of the stars
are in the ‘dynamical disc’, 26% (10%) are in the bulge, 13%
(3%) are in the halo, and the remaining 10% (19%) are in
all disc1 disc2 bulge halo other
MUGS (N∗=2594942)
all 100.0 23.9 49.8 26.1 13.6 10.5
no sats 80.4 23.8 39.7 26.1 7.4 7.3
sats 19.6 0.05 10.1 0.0 6.2 3.3
in-situ 57.3 19.6 31.2 19.1 1.9 5.1
commuter 16.9 2.1 8.7 2.9 3.5 1.8
accreted 25.8 2.2 9.95 4.1 8.1 3.7
MaGICC (N∗=2167946)
all 100.0 31.0 52.6 19.3 8.8 19.3
no sats 99.8 31.0 52.6 19.30 8.6 19.3
sats 0.2 0.0 0.001 0.0 0.2 0.0
insitu 98.4 30.9 52.3 19.2 8.6 19.0
commuter 1.50 0.1 0.27 0.06 0.9 0.2
accreted 0.05 0.0 0.0 0.0 0.1 0.00
Table 2. The percentage of star particles in MUGS and MaGICC
in each different subset at z=0. “All” includes all stars in the
galaxy or subset, “no sats” refers to removing all stars that lie
in satellites, “other” accounts for all stars not contained in the
rigorous definitions of the disc, bulge and halo defined in §3, “disc
1” is the disc defined in §3 with height and radial cut, (|z| <5 kpc
and r<20 kpc. In order to avoid overlap with the bulge we also
include an inner radial cut r>2 kpc), and “disc 2” is defined by
angular momentum ratios alone.
the ‘other’ category. ‘Other’ stars are dynamically associated
with the ’thick disc’ and ’pseudo bulge’ by the dynamical
decomposition, but, at the resolution of MUGS and MaG-
ICC, we do not trust the method to correctly distinguish
these components. Chemically, they are transition regions
between the bulge, halo and disc, with properties similar to
each of the principle components. This implies that they are
not distinct parts of the galaxy (in these simulations), but
are a mixture of disc, bulge and halo stars falsely associated
with other components.
In MUGS, commuter and accreted stars are present in
similar amounts in the bulge and disc (between 15% and 20%
of the stars in each component) but not the halo, which is
dominated by accreted stars (60% of halo stars are accreted
stars and 26% are commuter). It is worth noting that the
population of stars which did not form in-situ, and which
are no longer in satellites, is twice the size of the population
currently in satellites. This implies that although the satel-
lite galaxies we see are long lived, the majority of satellites
have been disrupted. In MaGICC, there are over 7 times
as many accreted or commuter stars as there are stars cur-
rently in satellites. Also relevant to this is the presence of
two massive satellites which contain 12% of the total stellar
mass at z=0 of the host galaxy between them.
The insitu stars in the disc of both simulations possess
a wide range of metallicities. Their distribution is similar to
the arrangement in Fig.2, but without much of the filamen-
tary structure (in MUGS). The bulge, after the first 4 Gyrs,
has a very tight, almost constant metallicity with time, sim-
ilar to the ‘cartoon’ view of chemical evolution. These two
populations result in the bifurcation in the AMR discussed
in Section 3.1. The spread of metallicity in the disc (∼0.5
dex), versus tight correlations in the bulge, is unsurprising.
The disc is far more extended than the bulge and we would
expect more variation throughout its structure. This spread
is due to the well known metallicity gradient in galaxies (e.g.
Gibson et al. 2013)
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MUGS
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
MaGICC
(j) (k) (l)
Figure 3. The AMRs of the MUGS (top three rows) and MaGICC (bottom row) galaxy after decomposition into components. The
left column (panels a,d,g) shows the insitu, commuter and accreted stars for the disc, while the centre (b,e,h) and right hand columns
(c,f,i) show the same for the bulge and halo respectively. The colours are scaled the same as Fig. 2, intensity is scaled by the histogram
equalization approach.
There is a very tight knot of gas in the very centre of
the bulge in both MUGS and MaGICC, where the gas is
drawn due to dissipation. This feature results in a high de-
gree of enrichment, balanced by the inflow of gas. This dense
material in the inner 0.5 kpc contains 10% of stars within
20 kpc of the halo centre in MUGS, and 16% in MaGICC
at z=0. If we discard the stars in the inner 0.5 kpc from the
panels in Fig. 3, then star formation in the bulge effectively
halts after the starburst at z=1 in MUGS and at 10 Gyr,
after a decline starting sharply at 6 Gyr, in MaGICC. In
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MUGS
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
MaGICC
(j) (k) (l)
Figure 4. The metallicity-[O/Fe] distribution of the MUGS (top three rows) and MaGICC (bottom row) galaxy after decomposition
into components. The left column (panels a,d,g) shows the insitu, commuter and accreted stars for the disc, while the centre (b,e,h) and
right hand columns (c,f,i) show the same for the bulge and halo respectively. The colours are scaled the same as in Fig. 2, intensity is
scaled by the histogram equalization approach.
MUGS (MaGICC) the SFR in the bulge versus the global
star formation rate is around 12% (21%) but if we discard
the inner 1 kpc this ratio falls to 0.8% (1.4%) at 8 Gyr. This
suggests that the higher feedback in MaGICC keeps the in-
ner regions more supplied with gas. Alternatively, the gas
release from massive stars may maintain star formation for
longer because of the more top heavy Chebrier IMF. The
dense knot appears to be an intrinsic numerical effect of the
code. If we ignore the inner region, the bulge appears older,
more in keeping with observations of the Milky Way.
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The disc in both MUGS and MaGICC is diffuse, with
lower star formation rate densities, and is higher in the po-
tential than the bulge. Thus, the range of metallicities is
expected to have greater variation, and to vary with radius
and height above the disc plane. The top envelope of the
disc AMR is lower than in the bulge, suggesting either that
there is a lower specific star formation rate, or that more
metals are lost from the disc environment than the bulge.
The high metallicity content in the bulge is a manifestation
of the dependence of metallicity on the depth of the poten-
tial. If we interpret the mass-metallicity relation in terms of
the potential depth, we expect that the very dense, deep,
potential of the galaxy bulge to be more metal rich than the
disc which lies higher in the potential.
In MaGICC, the stars in the halo are old, but follow
the same chemical evolution ‘trajectory’ as the bulge. Pan-
els (a), (b) and (c) in Fig. 3 show that the same is true in
MUGS, except that the different populations overlap more
noticeably. This implies that these two components have a
common origin, or similar conditions. In all likelihood, many
of the stars in the halo start to form in a ’bulge-like’ envi-
ronment, and are scattered up into the halo by secular or
numerical processes.
The top of the envelope of the AMR is sensitive to the
degree of metal diffusion in the code. In this respect the
sharp cut off at the upper level of the envelope is possibly a
numerical artifact.
Figure 4 demonstrates the decomposition of the galaxy
using the stellar [O/Fe]-[Fe/H] distribution. The distribu-
tion of stars in the different components overlap and cannot
be easily separated. However, the bulge is very rich in sub-
structure with distinct regions dominated by coeval clumps
that evolve in a non-trivial way. This is due to satellites
falling into the bulge via dynamical friction. Most of the
bulge structure lies within the first gravitational softening
length and is thus spatially unresolved. For insitu disc stars
in MUGS, the majority of early star formation takes place in
a narrow strip around 0.1 to 0 dex in [O/Fe], and 0.1 to 0 dex
in [Fe/H]. Disc star formation shows a stronger evolution in
[O/Fe] at intermediate times (-0.2 to 0.2 dex between 4 and
8 Gyrs). The bulge evolution is more complex in MUGS,
even for insitu stars, indicative of a complex star formation
history, while MaGICC produces a steady evolution from
low [Fe/H] and high [O/Fe] to high [Fe/H] and low [O/Fe]
over the course of the simulation.
4.3 Disc Radial Trends
In Fig. 5 (for MUGS) and Fig. 6 (for MaGICC) the shape of
the AMR changes from small radii to the edge of the disc. It
is well known (e.g. Pilkington et al. 2012; Rupke et al. 2010,
etc.) that disc galaxies exhibit a gradient in metallicity with
radius, which is often discussed in the context of inside out
galaxy formation (Larson 1976), with stars (and gas) in the
inner regions of galaxies being more metal rich than stars at
larger radii.
We see that the general distribution of stars in the left
hand column of Fig. 5 and Fig. 6 show a general decline in
[Fe/H], and broadening of the distribution with increasing
radius. If we take the 8 Gyr mark as a base line, the stars
have a distribution of approximately 0.1 dex, 0.54 dex and
0.76 dex for the three radial bins in MUGS and 0.1, 0.4 and
0.45 dex in MaGICC.
At small radii the impact of old stars is clearly evident
in both MUGS and MaGICC from the lines of <[Fe/H]>.
The effect of old stars is shown by the difference between
solid and dotted lines in Fig. 5 and Fig. 6. These lines il-
lustrate the mean [Fe/H] value for all stars at the radius
shown, with and without including the stars formed before
6 Gyr. The difference between the two mean values decreases
at larger radii, showing that early star formation becomes
less important further out. This fits well with the standard
galaxy formation paradigm of inside-out formation (as dis-
cussed in Pilkington et al. 2012, for the MUGS version of
g15784 using metallicity gradient evolution through time).
In Fig. 5 (the MUGS galaxy) we see features in the
disc, around 5 and 7 Gyr, for example, that are the result
of interactions. Although stars which did not form in the
disc of the galaxy have been removed, the interactions did
cause the gas in the galaxy to be stirred up. This resulted in
rapid star formation, which produces the sharp enrichment
processes that are especially prominent in the top row of
the figure. This interaction was in the plane of the disc, and
retrograde to the rotation of the disc. The interaction pulled
gas into the centre of the galaxy, diluting the gas in the bulge
with lower metallicity gas from the disc. This triggered a
starburst, a brief rise in [O/Fe] and re-enrichment. It also
caused a brief hiatus in star formation in the disc, evident
in the lower panels.
Figure 5 shows:
• The lower sequence becomes increasingly dominant at
larger radii, which can also be seen in APOGEE by Hayden
et al. (2015), where the upper sequence is focused in the
centre (Fig. 5, right hand column).
• The central region of the disc shows a distinctly differ-
ent distribution to the rest of the disc as it overlaps with the
bulge.
• The stars in the middle and lower sequences of the
[Fe/H]-[O/Fe] distribution can be seen at all radii at z = 0,
but stars from the lower sequence tend to be found further
out.
• Outside the inner 2 kpc two sequences are clearly visi-
ble in both simulations: a young inner sequence, which grows
increasingly dominant with radius, and an older upper se-
quence. This corresponds well with the model presented in
Brook et al. (2004) and confirmed by Haywood et al. (2013)
and Hayden et al. (2015) for Milky Way data. In Haywood
et al. (2013) the upper sequence is assumed to belong to the
thick disc of the Milky Way, formed during the high star for-
mation rate phase of the star formation history (Snaith et al.
2015, 2014), while the lower sequence belongs to the outer
disc. We see signs of this here, although both sequences are
visible at all radii the middle sequence is significantly more
centrally concentrated.
Using a simulation with early radiative feedback, simi-
lar to MaGICC, Brook et al. (2012) studied a dwarf galaxy
(with a stellar mass of ∼8×109M) in terms of thin disc,
thick disc, bulge etc. There are two sequences in the [O/Fe]-
[Fe/H] distribution for stars at the ‘solar radius’ (r=7-8 kpc)
of this galaxy. The distribution of the MaGICC galaxy is
considerably different. The [O/Fe]-[Fe/H] distribution shows
a ‘sail’-like distribution rather than the broken line evident
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Figure 5. The MUGS AMR, time-[O/Fe] and metallicity-[O/Fe] distributions of stars in the strictly-defined disc at z=0 which were
formed insitu, within different radial bins. The black solid line is the mean metallicity/[O/Fe] value (left column/middle column) of stars
in that radial bin, while the dotted line is the mean metallicity/[O/Fe] value of stars formed after 6 Gyr in that radial bin. Each column
is coloured according to the corresponding colour bar and the darkness is a function to the number of stars, as in Figure 2. Each panel
is individually scaled for brightness via histogram equalization. Radial bins are defined by the star’s position at z=0. Despite removing
stars which did not form insitu we see structures in the AMR (at 5 and 7 Gyr) because of the starbursts triggered by the interaction.
in Figure 2 of Brook et al. (2012), although this may be
related to their more strict definition of the solar neighbour-
hood.
In order to quantify the effect of the processes that
change the position of the star’s radius over time, we also
split the stars by their formation radius (radius at the first
simulation output at which they appear, which has an un-
certainty of ±200 Myr due to the output cadence of the sim-
ulation). In Fig. 7, we extract stars from four non-contiguous
annulae, 1<r<2 kpc, 5<r<6 kpc, 8<r<9 kpc, and 11<r<15
kpc, and plot the AMR of those stars using either the for-
mation radius (left) or z = 0 radius (right). Where stars
are subdivided by formation radius, the MUGS stars have
tightly correlated, distinct AMRs. The inner sequence is very
narrow, and is essentially flat after the first 4 Gyr. The larger
radius sequences have increasingly positive slopes with time,
and the outermost sequence traces the outer edge of the late
time skirt of the Galaxy. This implies that a given radius in
the disc is a particular environment with fairly homogeneous
properties, while the disc itself is an ensemble of these envi-
ronments. The MaGICC galaxy does not show an increasing
gradient at larger radius: each sequence is essentially lower
metallicity, but has a flat AMR in each case. After the first 6
Gyr, MaGICC shows only a small evolution in radial scatter
with time, indicating that radial motions are more impor-
tant in MUGS. If MaGICC is more similar to reality than
MUGS then this is good news for Gaia and other astroarche-
ology missions because mixing is small.
The MUGS galaxy suggests that metallicity is a poor
proxy for age, even based on the 2-7 kpc panels in Figs. 5, 6
and 7, with wide initial scatter followed by a broad, constant
metallicity phase. However, the age-[O/Fe] distribution is
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Figure 6. As in Fig. 5 for the MaGICC simulation.
much more tightly correlated and the early evolution phase
shows a significant negative gradient in [O/Fe] with time
before 5 Gyr. This corresponds to the high star formation
phase. There is considerable overlap of stars in the ‘solar’
vicinity (7-9 kpc) from different populations (at z=0) due
to radial motions of stars. This is less evident in MaGICC,
however, where the AMR flattens after 4-4.5 Gyr for each
galaxy.
In terms of the ‘cosmic timer’ concept discussed in
the introduction, it should be possible, for a galaxy which
evolves like a MaGICC galaxy, to calculate the age of a star
from its metallicity at early times, when the trend is narrow.
After z=1 the profile thickens due to the gradient, making
it difficult to recover the age from the metallicity without
knowing the birth radius. The birth radius is difficult to
know with any certainty because of radial motions.
4.4 Satellites
The filamentary substructure in the MUGS chemical evolu-
tion distribution (Fig. 2) is a direct result of the deposition
of satellite stars in the galaxies. These stars are either still
in satellites or are accreted/commuter stars within the host
galaxy. In this section we discuss the influence of these satel-
lites on the chemical distribution of stars using two example
satellites.
Satellite galaxies lie inside their own dark matter sub-
halos within the host. During the evolution of the universe,
dark matter halos form and merge into larger halos. These
smaller subhalos form structures within galaxies, each with
their own distinct potential well. Some of these subhalos con-
tain satellite galaxies, because gas can remain in the depths
of the potential for a several Gyrs. Satellites can be expected
to have different evolutionary paths to the host galaxy due
to their different masses and positions. When the satellites
approach the host tidal effects can be expected to disturb
the gas and affect the star formation.
Nickerson et al. (2013) analysed the luminosities of
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(a) MUGS galaxy AMR, stars binned by formation radius (b) MaGICC galaxy AMR, stars binned by formation radius
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(c) MUGS galaxy AMR, stars binned by final radius (d) MaGICC galaxy AMR, stars binned by final radius
Figure 7. The AMRs for MUGS (left) and MaGICC (right) of insitu stars selected according to their radial positions. The top row
shows the stars selected according to their radius at the time of formation, while the bottom row shows stars selected according to their
z=0 radius. The red sequence is for stars with 1<r<2 kpc, the orange sequence is for stars 5<r<6 kpc, the green sequence is for stars
with 8<r<9 kpc and covers the ‘solar radius’. while blue shows stars 11<r<15 kpc.
satellites in MUGS, and found that although they produce
too large stellar mass, their properties are not greatly dif-
ferent to observations. Subhalos exist in MaGICC, although
they are very poor at forming stars. The subhalo population
of MaGICC is not dissimilar to the subhalo population in
MUGS, as is expected. However, subhalos in MaGICC are
extremely gas rich, and this gas is largely prevented from
forming stars. For example, at z=0, the galaxy in MUGS and
MaGICC contain 197 and 114 subhalos respectively, with a
total dark matter mass of 8.8×1010M and 3.8×1010M.
Subhalos in MaGICC tend to contain fewer baryons, but
have a much higher gas-to-star ratio, where they form stars
at all. The average gas-mass-to-stellar-mass in subhalos with
stars (satellite galaxies) for MUGS and MaGICC is 0.03 and
14.6 at z=0. This demonstrates the huge impact of feed-
back on the star formation efficiency of low mass objects in
the MaGICC simulations. Indeed, only 7 of the 114 MaG-
ICC satellites contain any stars, while in MUGS 26 con-
tain stars. While MUGS galaxies are not that different to
observed satellite populations the MaGICC simulations are
comparatively poor at reproducing the low mass end of the
stellar mass distribution.
Satellites in MaGICC do not have a significant impact
on the star formation history, as previously discussed. In the
following section we discuss satellites in MUGS because they
are more important to our understanding of the detailed
chemical evolution in this simulation. We expect to see a
contribution from satellites in Milky Way observations, and
so we need to use MUGS to explore this impact.
In the left column of Fig. 8 we extract the satellites from
the galaxy and show the total amount of substructure they
impart3. The largest satellite, Satellite A, (shown in the cen-
tre column of Fig. 8) contains 218000 star particles, 30000
dark matter particles and 2038 gas particles, and shows a
3 An earlier analysis of the AMR, SFH, MDF, and [O/Fe]-[Fe/H]
of Satellite A & B can be found in Section 3.7 of Pilkington (2013)
but we will expand on this here
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spread in metallicity at any given time similar to the host
galaxy. Satellite A is a large satellite, with a stellar mass of
9.66×109 M. However, in a less massive satellite, Satellite
B (right hand column), all the gas is very close to the centre
of the galaxy, either due to interactions or the resolution of
the simulation. This satellite consists of ∼42000 star parti-
cles and has a stellar mass of 1.83 ×109 M. This narrows
the spread of the metallicities and produces tight chemical
path.
Satellite A falls into the host galaxy at around 11 Gyr.
During the initial infall there is no significant change in the
AMR of the satellite. It is only as the galaxy passes peri-
centre (at approx 12.5 Gyrs) that the shape of the AMR
changes. The narrowing of the spread in the stellar metallic-
ities (from 0.2 to 0.03 dex) corresponds to passage close to
the centre of the host, and is due to the interaction between
the two objects, which is strongest when the separation is
small. We see that the metallicity also dips significantly as
the satellite comes close to the host. This close approach
forces the gas into the centre of the satellite (and strips gas
out). Thus, the new star formation all occurs at the centre
of the satellite galaxy. The entire satellite galaxy becomes
similar to the bulge of the host, although without any no-
ticeable substructure. The pericentric passage of the larger
satellite results in an increase in the oxygen to iron ratio
(panel (e)), corresponding to a jump in the star formation
rate.
Satellite B always has its gas near the centre, and thus,
always has a bulge-like evolution. The satellite metallicity
peaks at around 6 Gyr, to 0.4 dex, then falls with time to
0.2-0.3 dex by z=0. This is significantly different to the naive
expectation that metallicity increases monotonically. This is
true for many satellites in the MUGS sample. The origin of
this drop in [Fe/H] corresponds to a rise in [O/Fe] (from -0.3
to -0.1 dex) after 6 Gyr in panel (f). After 4 Gyr, the satellite
has consumed most of its gas, and has a very low star for-
mation rate (0.03 solar masses per year, after peaking at 1.8
solar masses per year at 3.5 Gyr). It does, however, collect
a few particles from the hot halo during its orbit inside the
host. The metallicity will fall if the rate at which low metal-
licity material is picked up is larger than the enrichment rate.
However, the age-[O/Fe] distribution increases after 6 Gyr,
so the oxygen is not diluted to the same extent as the iron.
After 6 Gyr, the age-[O/H] distribution (not shown) is flat.
We suggest the following scenario. The satellite has a fairly
shallow potential, so material is easily lost from the halo, if
bound only by gravity. However, if the supernova goes off in
a high density region hydrodynamical interactions can con-
tain the ejecta. CCSNae occur in star-forming regions, so
their ejecta are contained by the surrounding high-density
gas, but SNIa can occur in low gas density regions so the iron
is lost. Slow infall of low metallicity gas, therefore, dilutes
the iron, but not the oxygen.
The other panels in the figure show the other pro-
jections of the metallicity. Satellite A has the same form
of multi-sequence [Fe/H]-[O/Fe] distribution as the main
galaxy (it differs in the details but not the overall shape).
This is because the galaxy is large and its gas distributed
over a considerable volume, while the smaller satellite (panel
i) shows only a single sequence, because of the concentration
of gas at the centre of its potential well.
Satellite galaxies with strong central concentrations of
gas also have much lower [O/Fe] minima than either the
host, or satellites with more a distributed ISM. This implies
that the resolution (mass and spatial) of the simulation is
insufficient to accurately model smaller satellites, and that
the very iron rich objects are so because they are poorly
resolved.
4.4.1 Sawtooth Galaxy
An exceptional illustration of non-monotonic evolution is
seen in Fig. 9, which we will call the “Sawtooth Galaxy”
because of the shape of its AMR. This satellite has a stellar
mass of 3.36×109M and a total mass of 6.6×109M at
z = 0.12. It contains ∼59000 star particles. The AMR has
a saw-tooth appearance because the metallicity rises, falls,
rises again, etc., with a decreasing period. For much of its
lifetime, this satellite galaxy has a metallicity higher than
the disc. The lower part of the ‘sawtooth’ feature, however,
is of similar metallicity to the disc. This particular satellite
has completely merged by z = 0, and so we identify it at
z = 0.12 and follow it back in time.
Figure 9 shows that the regular drops in the metallic-
ity co-coincide with the pericentre of the orbit of the satel-
lite. The radius of closest approach means that the satellite
passes through the outer edge of the galaxy disc. The cold
gas in the disc of the galaxy has a metallicity gradient, and
thus the gas at the edge of the disc has a comparatively low
metallicity. This low Z is close to the metallicity of the stars
formed in the satellite at each local minima, at least before
the profile changes from ‘sawtooth’ to ‘m’-shaped (which oc-
curs when the satellite merges with the bulge). Although the
minimum orbital radii of the galaxy shown in Fig. 9 implies
that the galaxy stays out at approximately 30 kpc, this is
due to the output cadence of the simulation. An orbital in-
tegration with high time resolution shows that the satellites
does in fact pass through the cold gas disc (Fig. 11).
Moreover, careful examination of the stars formed after
one of the pericentric passages finds that a sizeable fraction
of the stars birthed at that time formed from gas from the
cold gas disc of the host in previous outputs (Fig. 10). These
low metallicity (high oxygen) particles from the outer disc
of the host reduced the metallicity of all gas particles in the
satellite due to diffusion. When the gas is converted into
stars the low Z (high oxygen) population is produced. The
metallicity of the satellite gas then rises due to the gas and
metals released back into the ISM from stars via CCSNe and
SNIa. Figure 10 demonstrates that a substantial fraction of
the particles which end up as stars in the satellite within 2
snapshots came from the host disc (77 out of 158). At the
time shown in the figure the satellite is on a retrograde orbit
in the disc plane. It contains 180 gas particles initially and
receives another 77 from the disc during the interaction.
There is one orbit of this satellite, with a pericentric
passage at 10 Gyr, which does not correspond to a fall in the
metallicity of the stars formed at that epoch. Although the
cadence of the outputs, and the uncertainty of the evolution
of the potential, does not allow us to directly observe why
this occurs, we suggest that the satellite misses the edge of
the dense cold gas disc during this orbit, and so does not
interact as strongly with the host galaxy as on the other
orbits.
In order to test whether the accretion of disc gas that
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Figure 8. The AMR (left), time-[O/Fe] (centre) and [Fe/H]-[O/Fe] (right column) distributions for all stars in MUGS satellites at z=0
(top) and two specific satellites (middle and bottom rows). Plots are coloured as before.
causes the ‘sawtooth’ is physically realistic, rather than an
artefact of the SPH method, we calculate the approximate
orbit of the galaxy between the two simulation outputs that
span its passage through the disc plane4. Fig. 11 shows the
orbit calculated in a frozen potential, and demonstrates that
the path of the galaxy’s orbit passes close to the edge of the
gas disc, where it picks up gas. At this point the galaxy is
travelling with a speed of ∼420 km/s.
Using the classic Gunn & Gott (1972) criterion for ram
pressure stripping, a medium of density ρ can strip the ISM
of a galaxy with gas surface density ΣISM and total dynam-
ical surface density Σ∗ if the relative velocity satisfies
4 The snapshots are spaced 200 Myr apart, too sparse for us to
determine the orbit directly from the simulation outputs. Inte-
grating an orbit does not yield a final state that matches the
position of the satellite in the next snapshot. This form of calcu-
lation, therefore, is insufficient to precisely discover whether the
satellite passes through the disc or not.
V 2 >
2piGΣ∗ΣISM
ρ
. (2)
At a radius of 15 kpc, the surface density of the gas
and stars in the disc are ΣISM ≈ 3 × 106 M kpc−2
and Σ∗ ≈ 3 × 106 M kpc−2 respectively. The stripping
medium comes from the satellite, which has a gas mass of
4.5 × 107 M. In the simulation, this gas all congregates
within the central 2-3 smoothing lengths. However, even if
we spread it out over a radius of 2 kpc Eqn. 2 implies strip-
ping would occur for an interaction velocity of V > 17 km/s,
which is easily satisfied. It remains a possibility that this
process is an artefact of SPH, and the resolution of MUGS.
The degree to which the low metallicity gas particles can be
incorporated successfully into the satellite, in order to pro-
duce the required dilution, is unknown. Much of the satellite
gas lies in the very centre of the satellite, partly due to reso-
lution issues with MUGS on these scales. However, whether
a higher resolution simulation would destroy the ‘sawtooth’
c© 0000 RAS, MNRAS 000, 000–000
18 Snaith et al.
effect completely is unknown, and would require further in-
vestigation beyond the scope of this paper. If the surface
density of the gas in the satellite were sufficiently low, gas
ought to be stripped from both the disc and satellite, rather
than just being incorporated into the satellite.
The transformation of the gas particles stripped from
the disc is rapid, see Brook et al. (2014). However, the gas
particles are drawn quickly into the bottom of the potential
well by interactions. In this very dense region star formation
takes place especially rapidly.
Satellite galaxies of the Milky Way, and other nearby
galaxies, might exhibit similar features in the metallicities of
stars. However, accurate ages are important if we are to un-
ambiguously see this ‘sawtooth’ feature in observations. Us-
ing the more easily observed [Fe/H]-[O/Fe] distribution, the
‘sawtooth’ cannot easily be identified. Arcs on the [Fe/H]-
[O/Fe] distribution panel of Fig. 9 lie directly on top of the
main relation, and are only really evident because they have
different ages. However, if we plot the MDF of the stars
(Fig. 9) we can see significant secondary peaks in the metal-
licity distribution for [Fe/H]> −0.4. This observational clue
would be significantly easier in observations than deriving
sufficiently good ages.
We only expect to see this ‘sawtooth’ feature if the satel-
lite galaxy is more metal rich than the outer edge of the cold
gas disc. This occurs in the MUGS simulations because the
most massive satellites have high stellar masses compared
to expectations, due to inefficient feedback. This means that
the satellites are also more metal rich than satellites in the
real universe, as they still lie on the mass-metallicity rela-
tion. Thus, the contrast between the top and bottom of the
sawtooth may not be as extreme in reality.
However, another place we might expect to see a similar
sharp drop in the metallicity of a galaxy is in close pairs.
As the two galaxies interact, gas can be stripped from the
outer edge of the ISM of one galaxy and be incorporated into
the other, so newly-formed stars have lower metallicity (e.g.
Kewley et al. 2010). This may also explain the drop in the
metallicity of stars formed during the pericentric passage of
Satellite A.
4.5 Comparison to observations
The chances of observing the rich substructure identified in
the previous sections depends on how readily observable a
given feature is when the data are convolved with observa-
tional errors. A robust feature is one that would be visible
even with a moderate degree of error. In a follow up paper
we will go into greater detail comparing the results of simu-
lations and observations using synthetic color-magnitude di-
agrams and mock observational reconstructions of the AMR
(c.f. Miranda et al. 2015, where the importance of employing
synthetic CMDs in the analysis of simulations and their com-
parison with empirical data is demonstrated). In this future
paper we will attempt to reconstruct as much information
encoded in the simulations using observational techniques
as we can. In the mean time we can gain an initial, at least
qualitative, estimate by adding a small Gaussian error to
each data point in an effort to model observational errors.
We first use errors on recently published works, for exam-
ple, in the Milky Way, and then we decreased those errors to
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Figure 9. Top to bottom: [Fe/H]-[O/Fe] with time (panel a),
metallicity distribution function (panel b) and AMR (panel c),
the time-[O/Fe] evolution (panel d). Plots are coloured as in Fig.
2. Panel (e) shows the radius of the orbit of the sawtooth galaxy
(blue line) and the virial radius of the host galaxy (green). The
missing points in panel (e) are where the halo finder cannot dis-
tinguish the satellite from the host. In each panel the vertical
dotted lines indicate the minimum radius of the various orbits. It
is difficult to trace the pericentre at times beyond the last ver-
tical line shown because the output cadence of the snapshots is
insufficient. After 10 Gyr, the peak of [Fe/H] corresponds to the
pericentre. c© 0000 RAS, MNRAS 000, 000–000
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identify the point at which the substructure begins to reveal
itself.
For ages, we initially took errors to be 1 Gyr (Haywood
et al. 2013) which is based on very good Milky Way data
(Adibekyan et al. 2012). This error is partly due to our un-
derstanding of stellar physics which relates stellar ages to
observations of stars, thus, we require improvements to our
theoretical understanding before we can reduce the errors
on observed ages in forthcoming surveys such as Gaia and
its spectroscopic follow ups. We assume errors in the abun-
dances to be 0.1 dex for metallicity and 0.1 dex for [O/Fe].
We then applied a normal distribution with a standard de-
viation matching that error. Errors in, for example, Gaia,
for M3 stars out to 10 kpc, can be expected to be around
13% or 1.5 Gyr for the oldest stars (Cacciari 2009).
Figure 12 and Fig. 13 illustrate how increasingly refined
uncertainties in the metallicities and ages of stars allow us
to recover more and more of the inherent substructure. For
the AMR, the bifurcation between the bulge and the disc
becomes clear only where the age, metallicity and [O/Fe]
errors are reduced to 0.5 Gyr, 0.05 dex and 0.05 dex. Fur-
ther substructure becomes clear when the errors are halved
again. The global shape of the distribution is visible even
with fairly large errors (1 Gyr, 0.1 and 0.1 dex) but all the
details are obscured. At this level of error the distributions
only recover basic trends, although the ‘handgun’ shape of
the MUGS AMR is clear. At the intermediate error (0.5
Gyr, 0.05 and 0.05 dex) some of the substructure is visible,
particularly the ‘m’ shaped set of stars formed from the end
of the life of the ‘sawtooth’ satellite discussed in the previ-
ous section. Although APOGEE does not provide ages, the
errors in [O/Fe] and [Fe/H] are around 0.03 dex (Hayden
et al. 2015), which is between the second and third rows
of the right hand column in Figs. 12 and 13. At this level,
various features in the distribution are apparent.
As the time-[O/Fe] evolution is more tightly correlated
than the AMR, or the [Fe/H]-[O/Fe] distributions, we see
that the convolved stars chart the actual distribution fairly
well. However, in MUGS, the early slope has a wider spread
than the later time-[O/Fe] evolution. This is the opposite
to what is observed in the Milky Way using solar vicinity
stars (Haywood et al. 2013), and is due to strong merger
events during the first 6 Gyr of the formation of g15784. In
MaGICC, the distribution is tight throughout its evolution
and does not greatly change spread.
Some of the peaks, caused by infalling satellites etc, are
evident even in the intermediate error distribution, and the
profile has almost recovered most of its detail in the low error
profiles. As in Snaith et al. (2014), it is evident that using
the age-[O/Fe] distribution to disentangle the star formation
history of a galaxy using observations is probably the best
approach. It is also evident that with intermediate errors,
the time-[O/Fe] gradient, at early times and with a high star
formation rate, is our best chance of recovering a ‘timer’ for
stellar ages.
The [Fe/H]-[O/Fe] distributions are also obscured by
large errors, although certain broad trends can be seen.
However, the splits between the upper, middle and lower
sequences have been completely lost. Reducing the error
sharpens the distribution, and we can see the emergence
of the two sequences. This is not as clear as for observations
of the Milky Way (e.g. Haywood et al. 2013; Zasowski et al.
2013). Compared to the Milky Way, however, this galaxy
does not seem to have as notable separation between se-
quences (Fuhrmann 2008; Adibekyan et al. 2012). This is
not surprising, as this galaxy makes no attempt to model the
Milky Way evolution, and is its own unique object. Techni-
cally, the errors on [Fe/H] and [O/Fe] should be correlated,
but that degree of precision is beyond the scope of Figs.
12 and 13. which are used simply to illustrate the effect of
errors rather than make a precise prediction.
An example of how the results in this paper can be com-
pared with data is shown in Fig. 14. The results of APOGEE
show a bimodal distribution (e.g. Hayden et al. 2015, see
panel (a)), with a high [O/Fe] region and a lower [O/Fe]
arm at low to intermediate metallicity. As APOGEE data
has a global error between 0.08 and 0.05 dex (Holtzman
et al. 2015) (higher for low S/N, low metallicity and hot-
ter stars), the distribution of stars in APOGEE is compared
with star particles in MUGS and MaGICC that have been
convolved by errors of the same size (panels (b) and (c) show
data with errors of 0.08 dex, and panels (d) and (e) show
the data with errors of 0.05 dex). Even though the MaG-
ICC data is offset to higher metallicities we see a similar
bimodal distribution in both MUGS and MaGICC, partic-
ularly in panels (d) and (e). However, the highly populated
regions of the [O/Fe]-[Fe/H] distribution are more similar to
the Milky Way distribution in MUGS, than in MaGICC.
Much of the fine structure in MUGS and MaGICC
is hidden by the errors, but the global trends in [O/Fe]-
metallicity start to become clear between 0.08 and 0.05 dex.
The global structure in MaGICC is perhaps clear even at
0.08 dex, but with any larger errors the bifurcation in MUGS
cannot be identified.
MaGICC produces a much stronger high [O/Fe] track
than MUGS. Even discarding the inner 2 kpc of the galaxy,
containing the dense knot centered on 0.75 dex, does not
change this distribution greatly, except to remove the high
metallicity region. However, we must be careful in our com-
parison with APOGEE because we are using all stars within
the virial radius of MUGS and MaGICC, while APOGEE is
not as comprehensive a census of Milky Way stars.
This illustrates an inherent difficulty that without dis-
tance, spatial, and/or kinematic information, extremely high
precision will be required to recover the features of the
galaxy. More informed analysis, which separates out fea-
tures using spatial and kinematic information, may help to
disentangle the various features. This, when combined with
metallicity and age data, might assist in the identification
of features with even large errors.
5 DISCUSSION & CONCLUSIONS
In this era of precision astronomy the metallicity and ages of
populations of stars in the Galaxy, and other nearby galax-
ies, is within reach of observations. However, observations
provide only snapshots in the history of any given galaxy.
The chemical history of the galaxy does, however, leave a
record in the abundances of stars. As the galaxy evolves, the
chemical abundances of the ISM change, due to the release
of metals from supernovae and AGB stars. We can trace this
evolution by observing the chemical makeup of stars. This is
because a stellar population retains the chemical abundance
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Figure 12. The age-metallicity, age-[O/Fe] and metallicity-[O/Fe] distributions for MUGS convolved with random errors. We add a
random number chosen from a normal distribution of width σ for age, [Fe/H] and [O/Fe]. From the top row to the bottom row these
errors are (σage,σ[Fe/H],σ[O/Fe]) = (1 Gyr, 0.1 dex, 0.1 dex), (0.5 Gyr, 0.05 dex, 0.05 dex), (0.25 Gyr, 0.025 dex, 0.025 dex), (0 Gyr,
0.0 dex, 0.0 dex).
of the ISM in which it formed, so as the chemistry of the
ISM evolved so did the chemistry of the newly-formed stars.
Once stars are produced, however, they act as a permanent
record of the conditions in the ISM from which they formed.
The simulations use the same initial conditions and the
same simulation code (GASOLINE Wadsley et al. 2004)
but differ primarily by the implementation of early radia-
tive feedback in one simulation. We explore the chemical
evolution of the different components of the galaxy g15784,
which has been simulated using traditional supernova stellar
feedback (MUGS) and traditional+early radiative feedback
(MaGICC). We have decomposed the galaxy into its main
components (bulge, disc, halo), and by whether stars formed
insitu or not. We find that the different components show
considerably divergent chemical evolution histories, and vary
distinctly between the simulations — in particular, the in-
clusion of early radiative feedback removes substructure and
suppresses early star formation.
We find that, contrary to the naive picture of metallic-
ity evolution, the metallicity of the ISM does not rise mono-
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Figure 13. As in Fig. 12 for MaGICC.
tonically, as would be expected in a ‘closed box’ model of
Galactic chemical evolution. Infalling gas can dilute the ISM,
as can the movement of gas within a galaxy, or between a
galaxy and its satellites. However, even a simple closed box
galactic chemical evolution model with a high star forma-
tion efficiency can produce a declining AMR (e.g. Gibson
1997). A declining AMR is not inconsistent with the obser-
vations of Sa´nchez-Bla´zquez et al. (2009, Fig. 18) and the
simulations presented in Few et al. (2014, Fig. 6) etc.
The metallicity of the stars reaches a threshold of about
[Fe/H]∼ 0.2 dex for the MUGS galaxy, and [Fe/H] ∼ 0.8 dex
for the MaGICC galaxy, and then does not rise further. For
long periods in the latter half of the evolution the upper limit
of the metallicity of stars does not change. This means the
metallicity of stars is a poor guide to the age of a star. This
issue is further enhanced by the broadness of the metallicity
distribution in the discs of galaxies, and the substructure
introduced by infalling satellite galaxies. The substructure
is almost entirely erased in MaGICC, as the enhanced early
feedback suppresses star formation in satellites.
The evolution of [O/Fe] with time is much more tightly
correlated than the AMR. During high star formation
episodes at early times,there is a rapid evolution of [O/Fe],
but this flattens off. Thus, age-[O/Fe] is a better ‘clock’ for
stellar ages, but only at early times. This matches recent
results in Haywood et al. (2013).
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When we decompose the galaxy into bulge, disc and
halo, and label stars as having either formed insitu, in satel-
lites, or in other dark matter halos, we find that the bulge
is more metal rich than the disc, and forms stars over the
whole of cosmic time. The halo, however, forms early, during
the rising arm of the AMR. This is true for both MUGS and
MaGICC.
Satellite galaxies show various exotic behaviours. Some
satellites have wide AMRs, like the host, while others have
very little scatter. When satellites are tidally disturbed all
their gas is drawn into the centre, and the AMR scatter
drops. We also see a ‘sawtooth’ shape in the AMR of one
satellite galaxy, which results from orbital interactions which
allow the satellite to accrete low metallicity gas from the
edge of host’s disc.
In order to recover substructure in galaxies using abun-
dances alone, small errors are required. Signatures of sub-
structure disappear when stellar properties are convolved
with uncertainties of σ=1 Gyr, 0.1, 0.1 dex for ages, [Fe/H],
and [O/Fe] respectively, although the general features of the
AMR are apparent. Only when the precision is improved by
a factor of four can the substructure be recovered.
We also note that our results cast doubt on the validity
of assuming a monotonic AMR, as has regularly been done
in algorithms that reconstruct star formation and enrich-
ment histories from resolved stellar populations (e.g. Weisz
et al. 2014). However, the [O/Fe] evolution is much closer to
monotonic, and so it may be possible to fit it with a curve
and recover ages, albeit with large uncertainties. This is not
universally the case with all such codes, but a subsample do
assume monotonic metallicity, and therefore should be used
with care.
The chemistry of stars is the most effective way of gain-
ing insight into the history of a galaxy. However, due to a
number of effects, such as radial motions, decoding observa-
tions of galaxy chemistry is non-trivial. Extensive modelling
is required, which can look at the time evolution of a galaxy
as well as the end-time chemical distribution, in order to
effectively interpret the results of forthcoming observations.
However, the effect of the physics implemented into simula-
tions must also be taken into account, as we have discussed
in this paper.
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Figure 10. Top: The distribution of gas in the host galaxy
coloured by the log temperature. The red points are the gas par-
ticles at 8.58 Gyrs which form stars between 8.79 and 9.01 Gyrs.
These correspond to the 4th dip in the sawtooth shown in Fig.
9. The yellow circle shows the current position of the sawtooth
satellite. Middle: The metallicity (y-axis) and radius (x-axis) of
gas in the host galaxy and the distribution of gas which form stars
between 8.79 and 9.01 Gyrs (red points). The yellow circle shows
the mean [Fe/H] and radius of the sawtooth satellite. Bottom:
Coloured as before, showing the radial [O/Fe] gas distribution of
the host and satellite.
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Figure 11. Top: The distribution of gas in the host galaxy
coloured by the number density of points at the snapshot cor-
responding to the yellow cross. The green line follows the orbit
of the ’sawtooth’ galaxy as calculated in a frozen gravitational
potential, while the red line shows the part of the orbit when the
satellite is passing through the gas disc of the host. The red line
crosses the disc between z= ±1.5 kpc. The blue, yellow and red
crosses show the actual positions of the sawtooth galaxy at three
timesteps surrounding one of the sharp drops in metallicity. Bot-
tom: The speed of the galaxy over the orbit shown above. The
red line is the part of the orbit the satellite is passing through
the disc of the host. The vertical lines correspond to the crosses
in the upper panel.
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Figure 14. The density distribution of stars in APOGEE (panel
a), and all stars inside the virial radius of the MUGS (panels b
and d) and MaGICC (panels c and e) galaxies convolved with a
random error selected from a Gaussian distribution. The width
of the Gaussian is given in each panel.
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